Introduction
It is well acknowledged that the solar wind is a highly ionized, magnetized plasma streaming outward from the Sun (e.g., Parker 1958; Gringauz et al. 1960; Neugebauer & Snyder 1962; Axford 1985; Hansteen & Velli 2012; Abbo et al. 2016) . It consists of mainly protons, electrons, and minor alpha particles (e.g., Ogilvie & Hirshberg 1974; Marsch et al. 1982b; Kasper et al. 2007; Wang 2016; Fu et al. 2018) . These particles are generally collisionless and far from thermodynamic equilibrium. Proton and alpha 2009 Proton and alpha , 2010 Proton and alpha , 2014 Boardsen et al. 2015; Wicks et al. 2016; Gary et al. 2016; Wei et al. 2016; Zhao et al. 2017a Zhao et al. , 2018 . These ECWs appear as transverse waves with coherent wave forms and propagate mainly in the directions quasi-parallel (or antiparallel) to the background magnetic field. They can occur sporadically with short durations of a few seconds, or last incessantly for several tens of minutes (Jian et al. 2014; Boardsen et al. 2015; Zhao et al. 2018 ). The majority of ECWs have amplitudes less than 1 nT, while some ECWs share a large amplitude comparable to the background magnetic field (Zhao et al. 2018) . They can be of LH polarization or RH polarization with respect to the background magnetic field; the polarization is described in the spacecraft frame throughout the paper, except that we emphasize it is in the plasma frame. The occurrence rate of LH ECWs is usually larger than that of RH ECWs (Jian et al. 2009 (Jian et al. , 2010 (Jian et al. , 2014 Boardsen et al. 2015) . Note that the polarization will reverse in the two different reference frames if these waves propagate toward the Sun. The reverse is due to the presence of large Doppler shift resulting from fast movement of the solar wind relative to the approximately standing spacecraft as well as that the speed of the solar wind is several times greater than the phase velocity of ECWs (Jian et al. 2009; Gary et al. 2016 ).
For the generation of ECWs in the solar wind, two versions have been proposed. The first version refers to the closer-to-Sun generation scenario, suggested by Jian et al. (2009). This version posits that the waves are produced near the sun and then transported outward by the super-Alfvénic solar wind. The idea tends to be reasonable based on observations of higher frequencies and larger amplitudes of LH ECWs relative to those of RH ECWs, and it is also supported by subsequent electromagnetic simulations on the generation and propagation of ion cyclotron waves in the corona and solar wind (Omidi et al. 2014a,b) .
The other version concerns a local source characterized by unstable particle velocity distributions. Wicks et al. (2016) revealed a strong ECW storm with a duration longer than 1 hr occurring in trailing edge of the fast solar wind, and then carried out kinetic -5 -linear dispersion analyses for local proton distributions. They concluded that the storm is generated by the instability of temperature anisotropy of protons. Similar case analyses based on the local plasma parameters are also made by Gary et al. (2016) and Jian et al. (2016) but for ECWs occurring in the slow solar wind and descending part of fast solar wind,
respectively. Their works demonstrate the proton velocity distributions are sufficiently anisotropic to locally drive kinetic instabilities in most of the time, six of ten intervals in Jian et al. (2016) for instance.
In particular, using the data from the STEREO mission, Zhao et al. (2017b) carried out a survey of ECWs over a long period of 7 years and provided a primary indication on the mechanism of generating ECWs in the solar wind. The authors first calculated the occurrence rates of ECWs in each mouth, and found that the time-dependent occurrence rate is nearly a constant for RH ECWs, but it varies significantly for LH ECWs. Further investigation of plasma conditions associated with occurrence of ECWs revealed that the LH ECWs take place preferentially in a plasma characterized by higher temperature, lower density, and larger velocity. Based on theoretical results concerning proton temperature anisotropy instabilities with the effect of alpha−proton differential flow, Zhao et al. (2017b) speculated that high-speed solar wind streams, and therefore alpha particle differential flow, are relevant to result in the difference of occurrence rates between LH and RH ECWs. The presence of alpha−proton differential flow can break the symmetry of the linear unstable waves propagating along the background magnetic field and in the opposite direction; it causes the firehose instability to preferentially generate magnetosonic waves propagating toward the Sun, and on the other hand it causes proton cyclotron instability to preferentially generate proton cyclotron waves propagating away from the Sun (Podesta & Gary 2011 ). This concept is confirmed by the most recent research based on two-dimensional hybrid simulations (Markovskii et al. 2018) . Both instabilities will thus generate the LH ECWs in the spacecraft frame when the effect of differential flow of alpha particles relative to the protons is present.
It should be noted that direct investigation of proton temperature anisotropy was absent in the study by Zhao et al. (2017b) , since the STEREO mission lacks the plasma information of proton temperature anisotropy. Based on the data from Wind mission, this work carries out a statistical study on plasmas associated with observed ECWs, in which proton temperature anisotropy is emphasized. The paper is organized as follows. The data as well as analysis methods used in this paper are introduced in Section 2. Statistical results are presented in Section 3, and Section 4 is the summary with brief discussion.
Data and analysis methods
Wind mission is a comprehensive solar wind laboratory in a halo orbit around the L1 Lagrange point. The magnetic field data used in this paper are obtained by the Magnetic Field Investigation (MFI) instrument sampled at a cadence of 0.092 s (Lepping et al. 1995) . The plasma data including ion (proton and alpha particle) perpendicular and parallel temperatures are from the Solar Wind Experiment (SWE) instrument working at a cadence of 92 s (Ogilvie et al. 1995) . Specifically, the ion data used in this paper are produced via a nonlinear-least-squares bi-Maxwellian fit of ion spectrum from the Faraday cup . Note that this technique is good at ignoring proton beams, and consequently the proton data are mostly indicative of the proton core properties when there is a large proton beam ).
Based on the high-resolution magnetic field data, we conduct a survey of ECWs occurring in the years between 2005 and 2015. To make the survey an automatic wave detection procedure is employed. The procedure was developed by Zhao et al. (2017a) , and improved in the other work (Zhao et al. 2018) . Three primary steps are carried out in the procedure. For a magnetic field interval, the first step begins with calculating the reduced magnetic helicity that is normalized and takes values in the range from −1 to 1 (e.g., Matthaeus & Goldstein 1982; Gary & Winske 1992; He et al. 2011) . The spectrum values of magnetic helicity are examined in the frequency range from 0.05 to 1 Hz. If the spectrum has absolute values ≥ 0.7 in some frequency band (with a minimum bandwidth of 0.05 Hz), the second step arises to identify enhanced power spectrum. The enhancement requires transverse wave power three times larger than the background power in the same frequency band; a power law fit for the entire transverse power spectrum is made to determine the background power. If the above two steps are fulfilled, the third step follows to record the wave with an amplitude criterion of 0.1 nT. During this step, a band-pass filter is used to obtain a wave amplitude (Wilson et al. 2009 ). The procedure can give the time intervals of ECWs occurrence, as well as their polarization senses determined directly by the sign of the spectrum values of magnetic helicity. The automation of the wave detection is achieved through dividing the long time series of magnetic field data into consecutive and overlapping time segments. Each time segment is set to be 100 s with an overlap of 80 s, implying a frequency resolution of 0.01 Hz and a time resolution of 20 s (Zhao et al. 2017a (Zhao et al. , 2018 .
Statistical results
In total 16,674,592 time segments between 2005 and 2015 are analyzed, and 339,814 (2.0%) are identified as in the presence of ECW activities. Among the segments with ECW activities, 249,920 (74%) segments concern LH ECWs, which is consistent with previous results (e.g., Boardsen et al. 2015; Zhao et al. 2018) . The purpose of this section is to show statistical results concerning probability density distributions (PDDs) of plasmas associated with ECW activities, occurrence rates of ECWs, and effects of alpha−proton differential flow. The results will be described mainly in terms of proton parallel beta (β ) and proton temperature anisotropy (T ⊥ /T ), since β and T ⊥ /T are two primary plasma parameters in analysis of proton temperature-anisotropy-driven instabilities (i.e., Gary et al. 1993; Matteini et al. 2013; Wicks et al. 2013; He et al. 2018 ). Many researches have been made by plotting data distributions in the (β , T ⊥ /T ) space (i.e., Bale et al. 2009; Schlickeiser et al. 2011; Maruca et al. 2011 Maruca et al. , 2012 Hellinger & Trávníček 2014; Klein et al. 2018) . Here the ⊥ ( ) refers to perpendicular (parallel) with respect to the background magnetic field.
PDDs of (β , T ⊥ /T ) associated with occurrence of ECWs
Before we move on to discuss PDDs of (β , T ⊥ /T ) associated with occurrence of ECWs, it is instructive to display the PDDs for ambient solar winds; in the present paper the term "ambient" refers to all the time series irrespective of whether the ECWs are present or not. the slow wind and fast wind are selected by setting the proton bulk velocity V p < 400 km s −1 and V p > 500 km s −1 , respectively. One may first see that both the ambient PDDs are characterized by roughly a rhomboidal shape (e.g., Bale et al. 2009; Maruca et al. 2011 Maruca et al. , 2012 Chen et al. 2016) . The second result is that the ambient PDDs depend on the solar wind types; the dominant distribution of the data points centered around (β , T ⊥ /T ) ∼ (0.71, 0.71) in case of the slow wind while it gives rise to a tendency of an anticorrelation between β and T ⊥ /T in case of the fast wind (e.g., Marsch et al. 2004; ). with positive temperature anisotropy, or a larger beta value of β 1 if it is with negative temperature anisotropy. The preferential plasma condition for the occurrence of RH ECWs seems to be absent.
Occurrence rates of ECWs and temperature-anisotropy-driven instabilities
Overall, the occurrence rates of ECWs are very different for different solar wind types.
The occurrence rate is about 1.1% in the slow solar wind, while it is up to 3.6% in the fast solar wind. In the (β , T ⊥ /T ) space, nonuniform occurrence rates of ECWs can be expected since the PDDs associated with ECWs do not match with the ambient PDDs. Figure 3 plots the occurrence rates calculated according to sample numbers of ECWs and ambient plasmas; for a calculation we require the sample number of ambient plasmas exceeding 500 in each pixel of (β , T ⊥ /T ). Similar to the format in Figure 2 , left (right) panels in Figure   3 are for LH (RH) ECWs, and top (bottom) panels refer to the slow (fast) solar wind. The result first shows that the plasmas with proton temperature considerably departing from isotropy can lead to rise of ECWs. For T ⊥ /T > 3 or T ⊥ /T < 0.3, the occurrence rate of ECWs can exceed 10% or be up to 25% that is much larger than the average level. For LH ECWs, there is a tendency that the occurrence rate increases as the proton temperature anisotropy increases. In particular, the betas (β ) with maximum of occurrence rates are significantly different for different temperature anisotropies; it is near 0.1 when T ⊥ /T > 1 while it is around 1 when T ⊥ /T < 1.
It is well known that a plasma with proton temperature T ⊥ > T can excite proton cyclotron waves by proton cyclotron instability, while a plasma with T ⊥ < T may generate magnetosonic waves by parallel firehose instability. Both instabilities should be relevant for the present study. The observed ECWs in the present paper are characterized by propagation, which is in line with the theoretical prediction. On the other hand, kinetic theory also predicts some threshold conditions with appreciable growth of the instabilities in terms of (β , T ⊥ /T ). The conditions corresponding a growth rate of 10 −3 ω cp are plotted as grey dotted lines in left panels of Figure 3 , where ω cp is the proton cyclotron frequency ). The present result, in particular, shows that plasmas with satisfaction of the threshold conditions often contribute to a much large occurrence rate of (LH) ECWs, especially in the case of the fast wind (panel (c)). The absence of large occurrence rate with larger β might be due to the competition from other kinetic instabilities, such as the mirror and oblique firehose instabilities that produce waves with properties distinctly different from those of the present ECWs (e.g., Tajiri 1967; Gary 1992; Hellinger & Matsumoto 2000) . In addition, one may note that there are still wild occurrence of ECWs (with occurrence rates 5% in left panels) in the regions where β and T ⊥ /T approach but do not satisfy the threshold conditions marked by the grey dotted lines. One reason may be the presence of alpha−proton differential flow, which will be discussed in the next subsection.
In the case of RH ECWs, the result is complicated a bit. As shown in panel (b), it is not so clear for the tendency of occurrence rate increasing with proton temperature anisotropy. In panel (d), this tendency can not be found, since some large occurrence rates around 2% appear even though the proton temperatures are isotropic. Of course, one should note that the occurrence rate for RH ECWs is usually much low relative to that for LH ECWs. in Figure 2 . Previous results also showed that the properties of RH ECWs (frequency, amplitude, and normal angle) are characterized by more dispersive distributions than those for LH ECWs (Zhao et al. 2018) . These results may imply complex processes for generation of RH ECWs. A specific mechanism can not be obtained in this paper but two comments may be helpful. First, a very slow solar wind may contribute to the presence of RH ECWs and produce enhanced probability density at region of (β , T ⊥ /T ) ∼ (0.1, 1) as shown in panel (b) of Figure 2 . Our primary test in terms of solar wind velocity distribution in the space of (β , T ⊥ /T ) shows that the region of (β , T ⊥ /T ) ∼ (0.1, 1) corresponds to very slow solar winds with median velocity (∼350 km s −1 ) that is smaller than those in other regions.
Such slow winds perhaps allow ECWs propagate far enough away from their source regions and become nonlocal ECWs when they are observed. Second, the result from panel (d) in Figure 5 tends to imply that the generation mechanism for RH ECWs in the fast wind is not likely to be the proton cyclotron or parallel firehose instability with effects of alpha−proton -25 -differential flow since the flow would lead to LH ECWs whereas observations appear still as RH ECWs. In this sense, nonlocal processes or other generation mechanisms need to be examined. The first mechanism, for instance, maybe the proton/proton magnetosonic instability driven by a relatively cool proton beam streaming fast enough with differential velocity typically greater than the local Alfvén velocity (e.g., Montgomery et al. 1975 Montgomery et al. , 1976 Daughton & Gary 1998; Daughton et al. 1999 ). The second mechanism, similar to the case of proton beam, is perhaps the alpha/proton magnetosonic instability when a fast alpha particle beam moving with respect to core protons is in the presence (e.g., Gary et al. 2000; Li & Habbal 2000; Lu et al. 2006; . Note that magnetosonic waves produced by the above two instabilities could be observed mainly as RH ECWs, because these magnetosonic waves should propagate mainly away from the Sun and the majority of the waves do not suffer polarization reversal (Gary 1993; Lu et al. 2006 ).
(Explicitly speaking, the waves propagate in the direction of the beam that usually points away from the Sun.) Another possible mechanism to produce RH ECWs is the parallel firehose instability of alpha particles (Maruca et al. 2012; ). Recent studies show that magnetosonic waves produced by this instability propagate preferentially in the direction of the alpha particle beam (Matteini et al. 2015; Seough & Nariyuki 2016) .
Before concluding, two remarks on the present study may be appropriate. First, the present study just refers to the properties of proton cores and alpha particles. A comprehensive research including proton beam parameters should be made in the future since proton beams are common in the fast solar wind and can also serve as free-energy sources for instabilities (e.g., Marsch & Livi 1987; Matteini et al. 2013; Klein et al. 2018 ).
Second, we emphasize the solar wind type is determined actually by the solar wind velocity in the present paper. One should keep in mind that the solar wind velocity is not necessarily a good parameter for characterization of the solar wind. Some solar wind streams with velocities less than 400 km s −1 have many properties (e.g., high degree of Alfvénicity)
